A girl with severe growth retardation had the clinical features of Laron syndrome. Her serum insulin-like growth factor-I level was completely unresponsive to exogenous GH administration. The serum GH-binding protein (GHBP) level was below the detectable limit in the patient, but it was normal in her parents and brother. Her parents and brother were normal in their height. Amplification with PCR and direct sequencing of her GH receptor gene revealed compound heterozygous mutations. The allele from her mother contained a transversion of G to T in exon 7 that could introduce a stop codon in place of a glutamic acid at amino acid 224. Another mutation was found in the allele in her father and also identified in her brother. It was a C deletion at position 981 in exon 10 that could introduce a frame shift, thereby causing the production of 20 novel amino acids (310 -329) instead of the wild-type sequence, the premature termination at codon 330, and the subsequent deletion of the C terminal portion of the intracellular domain. RT-PCR of her father's lymphocytes and sequencing of its complementary DNA revealed that only the wildtype GH receptor messenger RNA was expressed in his lymphocytes, though the mechanism remains unclear. These results suggest that neither of the mutant alleles could generate a functional GH receptor, which would be consistent with the patient's severe growth retardation and undetectable serum GHBP. (J Clin Endoclinol Metab 82: 3705-3709, 1997) P ARTIAL deletion (1) and 28 different mutations (2-4) in the GH receptor (GHR) gene have been reported so far in classical GH-insensitivity syndrome (GHIS), which is an autosomal recessive disorder with a phenotype similar to that of severe GH deficiency, except that GH levels are normal or elevated. Recently, four different mutations of GHR gene have also been reported in idiopathic short stature with a partial GH insensitivity (5). Most of the reported mutations were located in the region coding for the extracellular domain of the GHR and caused a functional disruption.
deletion at position 981 in exon 10 that could introduce a frame shift, thereby causing the production of 20 novel amino acids (310 -329) instead of the wild-type sequence, the premature termination at codon 330, and the subsequent deletion of the C terminal portion of the intracellular domain. RT-PCR of her father's lymphocytes and sequencing of its complementary DNA revealed that only the wildtype GH receptor messenger RNA was expressed in his lymphocytes, though the mechanism remains unclear. These results suggest that neither of the mutant alleles could generate a functional GH receptor, which would be consistent with the patient's severe growth retardation and undetectable serum GHBP. (J Clin Endoclinol Metab 82: 3705-3709, 1997) P ARTIAL deletion (1) and 28 different mutations (2) (3) (4) in the GH receptor (GHR) gene have been reported so far in classical GH-insensitivity syndrome (GHIS), which is an autosomal recessive disorder with a phenotype similar to that of severe GH deficiency, except that GH levels are normal or elevated. Recently, four different mutations of GHR gene have also been reported in idiopathic short stature with a partial GH insensitivity (5) . Most of the reported mutations were located in the region coding for the extracellular domain of the GHR and caused a functional disruption. Kou et al. (6) and we (7) previously reported a heterozygous missense mutation, Pro561Thr, located in the cytoplasmic domain of the GHR gene in patients with short stature. However, the functional significance of this heterozygous mutation is questionable, because we found this heterozygous mutation in approximately 15% of the normal population, and there was no correlation with height (8) . Recently, Woods et al. (3) reported on a Laron syndrome patient with a high GH-binding protein (GHBP) level caused by a homozygous splice site mutation of the GHR gene that resulted in skipping of exon 8, which codes for a transmembrane domain, and that also resulted in exon 9 being translated out of the reading frame with a stop codon at the fifth amino acid downstream.
We report here novel compound heterozygous mutations of the GHR gene exons 7 and 10, which encode part of the extracellular and cytoplasmic domains, respectively, as the cause of severe growth retardation in a patient.
Subjects and Methods Subjects
The clinical profile of this girl patient has been reported previously (9) . She was born at full term to nonconsanguineous parents. She was 47 cm in height and 3130 g in weight at birth. In her family, height was 165 cm (Ϫ0.96 sd) in her father, 153 cm (Ϫ0.92 sd) in her mother, and 138 cm (Ϫ0.03 sd) in her elder brother at the age of 10 yr and 5 months. She had severe but proportional growth retardation with 71 cm (Ϫ7.6 sd) in height, 8.4 kg (Ϫ3.6 sd) in weight, 2 yr of bone age, and with a prominent forehead and small nose with retracted bridge at the age of 4 yr and 2 months. Her baseline plasma GH level was as high as 21.6 -59.4 ng/mL, with enhanced peak plasma GH (ng/mL) levels of 89.5 in response to arginine, 79.5 in response to glucagon, Ͼ90 in response to l-dopa, and 377 in response to GHRH at 4 yr and 10 months. When plasma insulin-like growth factor-I (IGF-I) level (g/L) was measured by direct RIA, it was refractory to daily subcutaneous administration of recombinant human GH (0.32 U/kg per day) for 10 days according to the protocol by Rudman et al. (10) : 87.5 at day 0, 87.9 at day 1, 95.9 at day 3, 96.8 at day 5, and 82.6 at day 10 of GH administration at the age of 5 yr. Height velocity was 0.7 and 0 cm/2 months before and after GH administration, respectively. At the age of 6 yr and 2 months, the plasma IGF-I levels were Ͻ4 g/L by RIA after extraction with acid and ethanol, which was more reliable than direct RIA. At the age of 9 yr and 1 month she was 85.4 cm in height (Ϫ8.0 sd), 11.8 kg in weight (Ϫ3.3 sd), and 3 yr of bone age. The plasma IGF-I levels were still Ͻ4 g/L by RIA after extraction. The basal plasma IGF-binding protein-3 (IGFBP-3) levels (milligrams per liter) measured with a RIA (11) were 0.30 -0.34 in this patient (the normal value is 3.10 Ϯ 0.46). Then treatment with IGF-I was started at a dose of 0.15 mg/kg once a day. Plasma IGFBP-3 level was 2.15 in this patient at the age of 13 yr (the normal value is 3.88 Ϯ 0.59). It was 2.2 in her father, 5.67 in her mother (the normal value is 3.25 Ϯ 0.49), and 3.5 in her brother at the age of 15 yr and 5 months (the normal value is 3.53 Ϯ 0.49). Plasma GHBP levels (picomoles per liter), measured with a ligand-mediated immunofunctional assay, were Ͻ15.6 in the patient, 136 in her father, 98.6 in her mother, and 202 in her brother (the normal value is 222 Ϯ 115 in men and 180 Ϯ 92 in women).
DNA isolation, PCR, and direct sequencing of the GHR gene
Genomic DNA was extracted from the blood of the subject by the following method as described previously (7, 8, 12) . Whole blood (100 L) was mixed with 400 L of a 10 mm Tris-HCl buffer (pH 7.5) containing 5 mm MgCl 2 , 0.32 m sucrose, and 1% Triton X-100. The mixture was supplemented with proteinase K (10 mg/mL) and 10% SDS and then incubated at 37 C for 30 min. The genomic DNA was extracted with phenol and chloroform and precipitated with ethanol. The GHR gene fragment from exon 2 to exon 10 was amplified with 0.5 U Taq polymerase (Perkin Elmer Cetus, Norwalk, CT) in a final volume of 20 L of a 20 mm Tris-HCl buffer (pH 8.3) containing 25 mm KCl, 0.25 mm deoxynucleotide triphosphates (dNTPs), 2.5 mm MgCl 2 , and 250 mm exon-specific primers including the sequence of M13 primers at the 5Ј end of the forward or reverse primers as shown in Fig. 1a . The reaction mixture was overlaid with mineral oil and incubated using a thermocycler (Astec Co., Tokyo, Japan) programmed to repeat the following cycle 35 times: 1 min at 94 C, 2 min at 52 C, and 2 min at 72 C. The amplified GHR gene was electrophoresed on a 1% SeaPlaque agarose gel and purified by Wizard PCR (Promega Co., Madison, WI). The amplified and purified GHR DNA was directly cycle-sequenced using a M13 prism kit (Applied Biosystems, Tokyo, Japan) with the dideoxy chain-termination method and applied on an autosequencer (ABI prism 377 DNA sequencer, Applied Biosystems). The results were analyzed using DNAsis (Hitachi Software Engineering Co., Tokyo, Japan). To confirm these mutations in the patient and her family, the PCR-amplified DNA fragments of exon 7 were digested with MaeI, and those in exon 10 with BsmI, which could digest only the mutant alleles.
RNA isolation, RT-PCR, and sequencing of GHR messenger RNA (mRNA)
RT-PCR was performed as described previously (7, 12) . Briefly, lymphocytes were separated by density-gradient centrifugation with the monopoly resolving medium Ficoll-Hypaque (Flow Labs., Costa Mesa, CA). The RNA was extracted from the lymphocytes with the acid guanidinium isothiocyanate/phenol chloroform method (12) . The RNA (0.5 g) was reverse-transcribed with avian myeloblastosis virus reverse transcriptase (GIBCO BRL, Gaithersburg, MD) in a 20-L reaction buffer containing dNTPs, random hexamers, RNase inhibitor, and MgCl 2 at 37 C for 30 min, followed by heating at 95 C for 5 min. Then, 1-2 L of the complementary DNA (cDNA) mixture was amplified with Taq polymerase (Perkin Elmer Cetus) in a buffer containing dNTPs, MgCl 2 , and primers designed to amplify from the nucleotide 681 in exon 7 to nucleotide 1015 in exon 10 (forward primer: GTGCGTGTGAGATCCAAA-CAACGA, and reverse primer: CACTGTGGAATTCGGGTTTATA). The PCR products were electrophoresed on 1% SeaPlaque agarose gels and visualized by staining with ethidium bromide. The amplified cDNA was purified by Wizard PCR and directly cycle-sequenced with the dideoxy chain-termination method using a dye terminator kit (Applied Biosystems) and an autosequencer.
Results
As shown in Fig. 1b , the direct sequencing of exon 7 of the GHR gene in the patient revealed peaks of both G and T at position 724 in contrast to only a single peak of G in the control. The G to T transversion changed codon 224 from GAG (Glu) to TAG (stop) (Fig. 2b) . The direct sequencing of exon 10 of the GHR gene in this patient showed another abnormality, i.e. a point deletion of C at the position 981 in one allele and the normal nucleotide in the other, resulting in the formation of overlapping peaks in the sequences downstream from position 981 (Fig. 1c) . In the control subject, there was only a single peak indicating the wild-type sequence in both alleles. The deletion of a single cytosine was found in codon 309 of exon 10 resulting in a frame shift of translation that would, if translated, produce 20 novel amino acids from codons 310 to 329 and terminate translation at codon 330 because of the appearance of a stop codon (TAG) (Fig. 2c) . No other sequences of the GHR gene exons 2-10 showed any meaningful mutation in this patient (data not shown).
A heterozygous mutation of the GHR gene with a C deletion at position 981 was identified in her father and brother, neither of whom showed the G to T transversion at position 724 (data not shown). In contrast, the heterozygous mutation G3 T at position 724 was identified in her mother, who did not show the deletion of cytosine at position 981 (data not shown). These results were confirmed by PCR-restriction fragment length polymorphism (Fig. 3) . In this patient and her mother, but not her father and brother, one half of the PCR products of exon 7 of the GHR gene (280 bp) were digested by MaeI, which could digest only the G3 T mutant at nucleotide 724, resulting in two fragments of 173 and 107 bp. In this patient and her father and brother, but not her mother, one half of the PCR products of exon 10 of the GHR gene (576 bp) were digested by BsmI, which could digest only the mutant GHR gene with a C deletion at nucleotide 981, resulting in two fragments of 513 and 63 bp, although the smaller fragment could not be clearly identified. Neither the G3 T transversion at 724 nor the C deletion at 981 was identified in 20 control subjects (data not shown).
A partial sequence of the GHR cDNA was reverse transcribed and amplified by PCR from her father's lymphocytes. A PCR product of the expected size could be amplified, but the direct sequencing of this fragment showed only the wildtype GHR cDNA without the coexistence of the mutant GHR cDNA with the C deletion at nucleotide 981 (data not shown).
Discussion
We identified novel compound heterozygous mutations in a girl with typical GHIS. This report is of interest, because only one compound heterozygote with classical GHIS has previously been described in a patient from Spain (2). Our paper has convincing genetic studies that add to its interest, because the single allelic defects have no effect on the carrier parents or brother. One of the mutations was a G to T transversion in exon 7 that could introduce a stop codon in place of a glutamic acid at amino acid 224 (Glu224stop), causing a truncation of the molecule, and thereby deleting the C terminal portion of the GH-binding domain as well as the transmembrane and intracellular domains. This mutant GHR, even if it was translated, would possess no obvious function. The second mutation was a C deletion at nucleotide 981 in exon 10 that resulted in a frame shift, thereby causing the production of 20 novel amino acids (310 -329) instead of the wild-type sequence, the premature termination at amino acid 330, and the deletion of the subsequent C terminal portion of the intracellular domains when this mutant GHR gene was transcribed and translated.
The patient's father and brother possessed the mutation of the C deletion at nucleotide 981 in exon 10 in only one allele with the normal sequence in the other allele. The mutation in her mother was also heterozygous: one allele exhibited the G3 T transversion at nucleotide 724 in exon 7, and the other showed the normal sequence. However, all of them had normal height and serum GHBP levels, suggesting that the wild-type GHR expressed from the normal allele could function sufficiently, or that the mutant GHR, if expressed, did not have a dominant negative effect on normal GHR function.
Taken together, not only the G3 T transversion at nucleotide 724 but also the C deletion at nucleotide 981 were essential for the pathogenesis of the patient's growth failure. It should be determined whether the mutated GHR with the C deletion at 981 is functional or not if it is expressed. The previous study of truncated GHRs using site-directed mutagenesis (14 -19) revealed that GHR1-310 was sufficient to bind GH (14) but not to associate with and phosphorylate Jak2 (15) , to stimulate Spi 2.1 gene promoter activity (16, 17) , to phosphorylate some signal-transducing molecules (18), or to induce two GH-dependent cellular events (lipogenesis and protein synthesis) (19) . There are two possibilities to explain why GHBP was not detected in the serum of this patient. One possibility is that the mutant allele with the C deletion at 981 produced a truncated GHR that lacks the signal transduction motif required for the generation of GHBP, an extracellular domain of the GHR, although the mechanism of GHBP generation is not fully understood yet (20 -22) . However, recent reports (23, 24) have shown that a short isoform of the human GHR truncating 97.5% of the intracellular domain of the receptor may be involved in the increased release of GHBP, probably because of the lack of a motif in box 2 required for receptor internalization (25) . Alternatively, this allele with the C deletion at 981 might not be transcribed or translated. To elucidate these possibilities, we tried to identify the expression of the mutant GHR mRNA in lymphocytes from the patient's father who had the heterozygous C deletion at 981 in the GHR gene because, unfortunately, we could not obtain a large enough blood sample to extract mRNA from the patient. The GHR mRNA could be clearly detected in his lymphocytes with the RT-PCR method. However, only the wild-type GHR cDNA was identified in his PCR products by direct sequencing. Thus, it is likely that the mutant GHR mRNA encoding the C deletion at 981 either could not be transcribed or, if it were transcribed, was very unstable. It remains to be clarified why the mRNA for the mutant GHR with the C deletion at 981 was not detected. It is possible to speculate that an as yet undefined mutation might exist in the other region like promoter of this mutant GHR gene allele affecting gene transcription, or the structural change of GHR gene by C deletion at 981 itself caused an instability or repressed transcription activity of this mutant gene. Nevertheless, our results obtained up to now indicate that neither of the mutant alleles could produce any functional GHR, which is responsible for the patient's severe growth retardation and undetectable serum GHBP level.
